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Abstract 

Tetracyclines are an important group of antibiotics used in agricultural and clinical settings. They function by binding to the 
30S subunit of the prokaryotic ribosome to effectively halt translation. The emergence of tetracycline resistant strains of 
pathogenic bacteria has threatened the continued use of the drug. One mechanism of tetracycline resistance is the degradation 
of the drug by the flavin dependent enzyme tetracycline monooxygenase (TetX). Only a limited number of studies of the 
enzyme have been conducted to date due to the limited amounts of pure protein that can be obtained from current protocols 
(~6 mg/L of cell culture). The current report describes the development of optimized expression and purification protocols to 
obtain larger amounts of pure, soluble enzyme suitable for detailed kinetic studies to deduce its chemical mechanism. During 
the initial phase of this work the pET22a+ plasmid with the gene encoding for TetX was used to transform either DH5α or 
Rosetta (DE3) pLysS Escherichia coli cells. Expression trials of these cell lines in which both the temperature and times of 
incubation with isopropyl β-D-1-thiogalactopyrandoside were then carried out. Of the conditions tested, optimal expression 
of TetX was found with a 20 h induction period at 30 °C using E. coli DH5α cells. Ammonium sulfate precipitation trials were 
then conducted where it was concluded that a 20 fold purification of the enzyme is achieved through treatment with 40% 
saturation of salt and collection of the supernatant after centrifugation. A nickel affinity chromatographic protocol was also 
developed, which purified the enzyme to high levels as judged by sodium dodecyl sulfate polyacrylamide gel electrophoresis 
and the specific activity of the purified sample. The expression and purification protocol developed here resulted in ~36 mg/L 
of cell culture, which is a 6-fold improvement over published protocols.
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Abbreviations: Tetx: Tetracycline Monooxygenase; FAD: 
Flavin Adenine Dinucleotide; NADPH: Nicotinamide Adenine 
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Introduction

Tetracyclines have been on the market for over 50 years 
and have been proven to be quite effective in treating many 

types of bacterial infections [1]. It is part of a group of important 
antibiotics that treat diseases ranging from acne to bacterial 
pneumonia. The efficacy of tetracycline has decreased in 
recent times [1]. This decrease is due to antibiotic resistance 
that many strains of bacteria have developed in response to 
the overuse of the drug and its release into the environment. 
In addition to active efflux and ribosomal protection 
mechanisms [1], many antibiotic resistant pathogens have 
evolved an enzymatic activity to degrade the drug in vivo 
[2-4]. Tetracyclines function by binding to the 30S subunit 
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of the prokaryotic ribosome, which halts protein synthesis 
and prevents the growth of the bacterium [3]. An enzyme, 
known as tetracycline monooxygenase (TetX), chemically 
modifies the drug through the reaction shown in Scheme 
[1]. The enzyme is a flavin (FAD) and nicotinamide adenine 
dinucleotide phosphate (NADPH) dependent enzyme that 
is proposed to be a monooxygenase based on sequence and 
structural homology to other class A flavin monooxygeases 

[5]. The reaction produces 11a-hydroxytetracycline which 
is chemically unstable at physiological pH and decomposes 
to an unidentified mixture of products that are unable to 
bind to the ribosome to inhibit protein synthesis.3 Bacteria 
that have evolved this enzymatic activity have become 
resistant to tetracycline. This has dramatically decreased the 
effectiveness of the drug. Clearly, new strategies are needed 
to treat infections caused by tetracycline resistant pathogens.

The inhibition of TetX through the design of mechanism-
based inhibitors could provide one such strategy. This 
requires a detailed understanding of the catalytic mechanism 
of the enzyme which is currently unknown. To date only a 
limited number of kinetic studies needed to deduce the 
mechanism of TetX have been carried out due to the lack of 
a convenient expression and purification protocol to obtain 
large quantities of the enzyme. This account describes the 
development of such a protocol that involves the expression 
of the recombinant enzyme through the induction of 
Escherichia coli DH5α, an ammonium sulfate precipitation 
and nickel affinity column chromatography. The protocol 
resulted in 36 mg of TetX from 1 L of culture, which is a 6-fold 
improvement from the previously reported procedure.3 The 
procedure described herein will allow for the production 
of large amounts if pure TetX for mechanistic studies that 
could lead to the development of new drugs to be used in 
conjugation with tetracyclines to treat bacterial infections.

Materials and Methods

Materials

The pET22a+ plasmid containing the gene encoding 
for TetX was a generous gift from Professor Gerard Wright 
of McMaster University, Ontario, Canada. DH5α and Rosetta 
(DE3) pLysS Escherichia coli competent cells were provided 
by Professor Giovanni Gadda of Georgia State University, 
Atlanta, GA. All other reagents were of the highest purity 
commercially available.

Induction Trials

The pET22a+ plasmid containing the gene encoding 
TetX was used to transform either DH5α or Rosetta (DE3) 
pLysS competent cells using the heat shock method of Inoue, 
et al. [6]. The cells were plated onto Luari-Bertani (LB) agar 
containing 34 g/mL kanamycin and 50 g/mL ampicillin 
and were incubated overnight at 37°C. Single colonies 
were then used to inoculate 50 mL LB supplemented with 
50 g/mL kanamycin and the cells were grown to an optical 
density at 600 nm (OD600) of between 0.6-0.8. When the 
appropriate OD600 was reached the cells were induced 
through the addition of a final concentration of 1 mM 
isopropyl β-D-1-thiogalactopyrandodice (IPTG). To optimize 
the amounts of soluble and active TetX obtained from 
pET22a+-TetX transformed competent cells the following 
induction conditions were tested: 5 h incubation at 30°C; 
20 h incubation at 30°C; 5 h incubation at 37°C and 20 h 
incubation at 37°C. Parallel experiments using either DH5α 
or Rosetta (DE3) pLysS were carried out to determine which 
cell strain was better to produce TetX. In each experiment, 
cells were harvested, lysed and used to determine the specific 
TetX activity as described below.

Cell Lysis and Specific Activity Determination

Cells were harvested through centrifugation at 
12,000 x g at 4°C for 20 min and were resuspended in 50 
mM sodium phosphate, 100 mM sodium chloride, 1 mM 
ethylenediaminetetraacetic acid and 10% glycerol pH 7.0. 
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Lysis was achieved through incubation with 1 mg/mL 
lysozyme on ice for 30 min on a stir plate. Addition of FAD 
to a final concentration of 100 µM was found to significantly 
improve TetX activity of the cell extracts so the cofactor was 
included in both the induction trials and the purification 
of the enzyme. After incubation with lysozyme, the extract 
was centrifuged at 4°C and 12,000 x g for 20 min. The 
supernatant was then analyzed for TetX activity and total 
mass of protein. TetX activity was measured using a Clarke 
type oxygen electrode (Hansatech Instruments, Norfolk, 
United Kingdom). Assays were conducted in 50 mM sodium 
phosphate pH 6.0 using 1 mM tetracycline hydrochloride and 
100 µM NADPH at room temperature. Consistent with the 
observations of Yang, et al. [3] no activity was observed with 
NADH. Assays were conducted in triplicate and the average 
value is reported with its standard deviation. Tetracycline 
was prepared in 100% ethanol. The total concentration 
of ethanol in the assay mixture was maintained at 1% to 
minimize its effect on enzyme activity. The electrode reading 
was corrected for the volume of extract added to the reaction 
mixture to calculate the total units of TetX activity (U total). 
The total mass of protein in the cell extracts was determined 
using the method of Bradford [7] with bovine serum albumin 
as standard. The activities of the extracts were then divided 
by the total mg of protein to calculate a specific TetX activity 
(U/mg).

After optimal expression conditions were found, a colony 
screen of DH5α-TetX was carried out by plating cells onto LB 
agar containing 34 g/mL kanamycin and 50 g/mL ampicillin. 
The cells were incubated overnight at 37°C after which 
approximately 75 single colonies formed. Ten colonies were 
picked at random and used to express TetX using the optimal 
conditions identified above. Replica plates were made 
for each of the 10 cultures and the specific TetX activities 
were determined as described in Cell Lysis and Specific 
Activity Determination. The colony that was found to have 
the highest U/mg was used to prepare permanent glycerol 
stocks that were stored as 1 mL aliquots at -80°C until use. 
All subsequent experiments were carried out through a 20 h 
induction of these stocks at 30°C with 1 mM IPTG.

Ammonium Sulfate Precipitation 

A 1.2 L culture of LB containing 34 g/mL kanamycin and 
50 g/mL ampicillin was inoculated with DH5α-TetX and cell 
extracts were prepared as described above. The extract was 
divided into 6 x 190 mL fractions that were treated with 0, 20, 
40, 60, 80 or 100% saturation with ammonium sulfate. The 
sample was incubated with ammonium sulfate for 30 min 

on ice then centrifuged at 12,000 x g for 20 min at 4°C. The 
supernatant was separated from the pellet. Each pellet was 
subsequently re suspended in 50 mM sodium phosphate pH 
7.0. All samples were then dialyzed against 50 mM sodium 
phosphate pH 7.0 + 10% glycerol for four changes of at least 
1 h. The specific activities were then determined for each 
fraction by determining the TetX activity as described above 
and quantifying the total mass of protein. Significant loss of 
the flavin cofactor was observed, but activity was restored 
upon addition of a final concentration of 1 mM FAD.

Nickel Affinity Column Chromatography

 A 1 L culture of DH5α-TetX was induced, lysed and treated 
with 40% saturation of ammonium sulfate as described 
above. After dialysis against 50 mM sodium phosphate + 10% 
glycerol pH 7.4, the sample was mixed with an equal volume of 
50 mM sodium phosphate + 200 mM sodium chloride + 10% 
glycerol pH 7.4 and loaded onto a 10 mL nickel sepharose 
column equilibrated with the same buffer. The column was 
washed with 2 bed volumes of buffer before eluting with 4 
bed volumes of 250 mM imidazole. Fractions were collected 
in 5 mL increments and analyzed by the Bradford assay 
and activity with 1 mM tetracycline + 100 µM NADPH at pH 
6.0 and room temperature. Fractions containing TetX were 
pooled, dialyzed against 50 mM sodium phosphate + 10% 
glycerol and stored at -80°C until use. Protein purity was 
judged through sodium dodecyl sulfate polyacrylamide gel 
electrophoresis (SDS-PAGE) using a RunBlue™ TEO-Tricine 
gel (Expedeopn, San Diego, CA) following the manufacturer’s 
instructions.

Results and Discussion

Induction Trials and Preparation of Permanent Glycerol 
Stocks The overall goal of this work was to develop a protocol 
that results in larger amounts of TetX than that described 
previously (~6 mg/L of cell culture) [3]. To achieve this 
goal, a series of experiments were conducted in which the 
cell strain, induction time and temperature were varied to 
determine optimal conditions for the expression of TetX. 
Under all conditions tested the specific activity (U/mg) was 
higher with DH5α competent cells as opposed to Rosetta 
(DE3) pLysS (Table 1). Specific activity was maximal when 
the cells were induced with 1mM IPTG and incubated for 
20 h at 30°C (730 ±10 U/mg). While both and costs limited 
the trials to only eight conditions, induction at 30°C for 20 h 
produced a ~7x higher specific activity than the least optimal 
conditions.
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Condition Units of Activitya U Total Proteinb mg Specific Activity U/mg
Rosetta (DE3) pLysS

37 ºC for 20 h 350 ± 60 1.12 310 ± 50
37 ºC for 5 h 275 ± 40 2.16 130 ± 20

30 ºC for 20 h 310 ± 30 0.999 310 ± 30
30 ºC for 5 h 85 ± 10 0.828 100 ± 10

DH5α
37 ºC for 20 h 480 ± 10 1.33 360 ± 10
37 ºC for 5 h 465 ± 30 1.99 230 ± 10

30 ºC for 20 h 650 ± 10 0.885 730 ± 10
30 ºC for 5 h 475 ± 25 4.4 110 ± 10

Table 1: Induction Trials for the Expression of TetX.
a: TetX activity was measured in 50 mM sodium phosphate pH 6.0 at room temperature using 1mM tetracycline and 100 µM 
NADPH. Assays were conducted in triplicate and the average value is reported with its standard deviation. 
b: Total protein was quantified using the Bradford assay with bovine serum albumin as standard.

Once optimal expression conditions were identified, 
a colony screen was conducted in which DH5α was plated 
onto LB agar containing 34 g/mL kanamycin and 50 g/mL 
ampicillin? Single colonies were used to inoculate LB broth 
containing the same antibiotics. Cells were induced with 1 
mM IPTG for 20 h at 30ºC, harvested and lysed to prepare cell 
extracts. The results are summarized in Table 2. The specific 
activities ranged from ~50-3210 U/mg. This variability is 

common and emphasizes the importance of conducting a 
colony screen prior to embarking on the development of a 
large-scale purification protocol. The colony screen was 
repeated with two independent groups of students. While 
only one set of experiments are shown for clarity, the results 
obtained with each group of students were qualitatively the 
same demonstrated a reproducibility of the results obtained.

Colony Units of activity, U Total protein mg Specific activity U/mg
1 40 ± 2 0.174 230 ± 10
2 30 ± 3 0.656 45 ± 5
3 30 ± 8 0.381 80 ± 20
4 220 ± 10 0.135 1630 ± 75
5 40 ± 6 0.546 75 ± 10
6 40 ± 12 0.516 80 ± 25
7 575 ± 11 0.179 3210 ± 55
9 95 ± 9 0.437 80 ± 10

10 510 ± 40 0.521 100 ± 10

Table 2: Colony Screen for TetX Activitya.

Development of a Polagraphic TetX Activity 
Assay

Previous studies of TetX utilized activity assays that 
followed the absorbance changes of the NADPH cofactor that 
occurs upon its oxidation during catalytic turnover.3 Such 
experiments are cumbersome and too time consuming for 

detailed studies of the kinetic mechanism of the enzyme, 
which are planned to initiate the development of new drugs. 
A polarographic assay was therefore developed using a Clark 
type oxygen electrode. This assay is commonly used in the 
study of flavin dependent enzymes [8,9]. While the assay 
is routinely used in other systems, considerable effort was 

aAll colonies were DH5α-TetX induced at 30ºC  for 20 h. 100 mM FAD was included in the lysis buffer and the activity was measured in triplicate and the average 
± standard deviations are reported

https://medwinpublishers.com/AABSc


Annals of Advanced Biomedical Sciences 5

Kevin Francis, et al. An Improved Protocol for the Expression and Purification of Tetracycline 
Monooxgenase: An Enzyme Involved in Antibiotic Resistance. Ann Adv Biomed Sci  2020, 
3(2): 000153.

Copyright©  Kevin Francis, et al.

needed in order to obtain reliable and reproducible traces 
to test the expression systems used in this study. Initial 
attempts to detect TetX activity resulted in limited oxygen 
consumption and traces such as that shown in Figure 1a 
were obtained. DNA sequencing of plasmids extracted from 
the cell constructs confirmed the presence of the tetX2 
gene and the activity observed was clearly not an artifact 
as evident from the complete lack of oxygen consumption 
observed in extracts of cells lacking the tetX2 gene (data 
not shown). The initial rates of oxygen consumption were 
~2 s-1 and went to 0 after ~ 1 minute. These low rates of 
activity and pale-yellow color of the extracts suggested a low 
flavin to protein stoichiometry. To test for this possibility, 
a culture of DH5 -TetX was induced with IPTG under the 

optimized conditions described above and split into equal 
volumes. One of the samples was lysed in the absence of 
exogenous FAD while the other was incubated with a final 
concentration of 1 mM FAD. As shown in Figure 1b, the cell 
extract obtained upon incubation with the FAD cofactor was 
significantly more active (~15-fold higher U/mg) than that 
obtained without inclusion of FAD in the lysis buffer? Even 
more importantly, the trace in Figure 1 gave an error that 
was less than 10% that of the baseline. This will allow for the 
accurate determination of both the kcat and kcat/Km values 
of the enzyme with either tetracycline oxygen or NADPH as 
substrate. It also allowed for reliable results to be obtained 
here for both the expression and purification of the enzyme.

Figure 1: Activity assays of TetX in 50 mM sodium phosphate pH 6.0 and room temperature. The reaction contained 1 mM 
tetracycline and 100 M NADPH and was initiated by the addition of the cell extract. Assays were typically repeated in triplicate 
and the average values are reported in Tables 2 and 3. Panel A shows a typical trace collected without inclusion of FAD in the 
lysis buffer. Panel B show a typical trace obtained after inclusion of 1 mM FAD in the lysis buffer.

While exhaustive studies to determine the source of the 
dramatic increase in oxygen consumption observed upon 
exogenous addition of FAD were not within the scope of the 
goals of this work, a reasonable hypothesis to explain the 
results can be postulated based on X-ray crystallographic 
structures of the enzyme [2,10,11] and the observations 
made while dialyzing samples during the ammonium sulfate 
and nickel affinity column chromatography steps (see 
below). The FAD cofactor is non-covalently bound to the 
enzyme and the crystal structure of the protein in complex 
with 7-chlorotetracyline (a substrate analog) shows that FAD 
sits in between two domains in each subunit of the dimer. 
While the Roseman fold that is typical of flavoenzymes is 
observed to interact the nucleotide moiety of the cofactor, 
the isoalloxine ring is exposed to an opening between the 
domains. In the absence of substrate, partial unfolding 
may result in a release of the cofactor, which would be 
exacerbated by the vigorous resuspension of the cell pellets 

needed during the lysis procedure. Consistent with these 
observations the buffer solution turned bright yellow after 
the first round of dialysis as would be expected if FAD is 
released from enzyme since its mass is well below the cutoff 
of the membranes used in this study. Inclusion of exogenous 
FAD would shift the equilibrium of the system to holoenzyme 
and would also provide numerous electrostatic and hydrogen 
bonding intractions with the protein to stabilize its overall 
structure. It is important to note that, as expected, no oxygen 
consumption was observed when free FAD was mixed with 
tetracycline under the same reaction conditions.

Regardless of the exact reason for the observations of Figure 
1, it is clear that exogenous FAD should be included during 
the expression and purification of the enzyme to stabilize its 
activity. This was done in all subsequent experiments carried 
out in this study.
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Percent 
Saturation 

%

Specific Activity of 
Supernatant (U/

mg)

Specific Activity of 
Pellet (U/mg)

0 (2.8 ± 0.10) x 103 ---b

20 (2.6 ± 0.61) x 103 0b

40 (5.7 ± 0.61) x 104 0c

60 (2.0 ± 0.10) x 103 (7.0 ± 0.2) x 102

80 (4.4 ± 0.28) x 102 (2.1 ± 0.3) x 103

100 (2.1 ± 0.20) x 101 (2.7 ± 0.11) x 103

Table 3: Ammonium Sulfate Fractionationa.
a: DH5α-TetX was induced at 30ºC for 20 hr. 100 µM FAD 
was included in the lysis buffer, which was split into 6 equal 
volumes and treated with increasing percent saturation of 
ammonium sulfate. Activity was measured in triplicate and 
the average ± standard deviations are reported. 
b: No pellet formed. 
c: No activity was detected in the re suspended pellet.

Ammonium Sulfate Precipitation

A 1.2 L sample of LB containing 34µg/mL kanamycin 
and 50 µg/mL ampicillin was inoculated with DH5α and 
the lysate was split into separate fractions and treated with 
increasing amounts of ammonium sulfate. Table 3 shows the 
total units measured using the polagraphic activity assay, the 
total mass of protein determined from the Bradford assay 
and the calculated specific activity at each percent saturation 
of ammonium sulfate. The results showing no activity in the 
protein pellet below 40% saturation and a fractionation 
of TetX activity between the supernant and pellet at 
percent saturations above 40% suggested that value is an 
appropriate cut to partially purify the protein before column 
chromatography. Including this step before loading extracts 
onto the column reduces the total amount containment 
proteins and thereby the amount of nickel NTA resin that is 
needed, which significantly saves both time and money.

Sample Total Activity (μmolO2/s)a Total protein (mg)b Specific Activity (U/mg)c Purification Index

Cell Extract (6.1 ± 0.1) x 105 
41,000 165 ± 5 (3.7 ± 0.3) x 103 1

40% (NH4)2SO4 (7.8 ± 0.1) x 106 105 ± 2 (7.4 ± 0.1) x 104 20
Nickel Affinity (1.0 ± 0.1) x 107 36 ± 1 (2.8 ± 0.1) x 105 75

Table 4: Purification of Recombinant TetX.  
a: Assay contained 1 mM tetracycline + 50 µM NADPH in 50 mM sodium phosphate at pH 6.0. Assays were conducted in triplicate 
wand the average value is reported with its standard deviation.
b: Mass of protein was determined by Bradford assay using bovine serum albumin as a standard protein. The assay was conducted 
in duplicate and the average value is reported with its standard deviation.
c: Specific activity was determined by the division of units of activity and total protein

Nickel Affinity Chromatography and Large Scale TetX 
Protein Purification. A 1 L culture of DH5α-TetX was induced, 
lysed and treated with 40% saturation of ammonium 
sulfate as described above. The pellet was discarded and 
the supernant was dialyzed and loaded onto a nickel affinity 
column for purification as described in the methods section. 
Fractions that contained TetX as judged by the activity assay 
were pooled, dialyzed against 50 mM sodium phosphate 
+10% glycerol pH 7.0 and stored at -80 oC. A Bradford 
assay revealed that a total mass of 36 mg of pure TetX was 
obtained by the procedure described here, which is a 6-fold 
improvement over the previously described procedure. 
Comparison of the specific activity of the purified sample to 
that of the cell extract demonstrated that both the ammonium 
sulfate fraction and the affinity purified the sample 75 times 
that of the cell extract (as determined through a comparison 
of specific activities). SDS-PAGE analysis showed a single 
band after column chromatography which substantiates 
the large purification index calculated. The data from the 

purification of the enzyme from DH5α-TetX is shown in Table 
4.

Conclusion

The emergence of tetracycline resistant bacteria has 
been an increasing concern in both medicine and agriculture 
[1] which necessitates new treatment strategies to fight 
disease. A prevalent mechanism of antibiotic resistance 
is the degradation of the drug by TetX [3,4]. The current 
work describes an optimized expression and purification 
protocol that resulted in a significantly larger amount 
of pure enzyme that is suitable for detailed mechanistic 
studies than that obtained previously [3]. Such studies will 
utilize non-competitive kinetic isotope effects [9,12,13] with 
tetracycline and NADPH both in steady state and pre-steady 
state to obtain information regarding the transition state 
structure of the TetX reaction. The protocol described here 
can easily be extended to any site-specific mutants that may 
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be created based on the wealth of structural information 
known for TetX [2,10,11] to further probe the transition state 
of the reaction. Once a detailed picture emerges, the tools 
of synthetic organic chemistry can be applied to generate 
transition state analogues that are expected to be potent 
inhibitors of the enzyme.

Such a drug design strategy has been successfully 
applied to inhibit critical metabolic pathways in MpnE 
[14] and purine-nucleotide phosphorylase [15]. Inhibitors 
created from mechanistic insights of TetX would then be 
used in conjugation with existing tetracyclines that are 
currently on the market to treat infectious disease. While 
several important studies were previously reported for TetX 
[2,10,11] an extensive mechanistic characterizations of the 
enzyme have been limited by the low yields obtained by 
previously reported expression and purification protocols. 
The current account will break down these barriers, allow 
for detailed kinetic studies an should usher a new avenue of 
TetX research.
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